Sensory reweighting is a characteristic of postural control functioning adopted to accommodate environmental changes. The use of mono or binocular cues induces visual reduction/ increment of moving room influences on postural sway, suggesting a visual reweighting due to the quality of available sensory cues. Because in our previous study visual conditions were set before each trial, participants could adjust the weight of the different sensory systems in an anticipatory manner based upon the reduction in quality of the visual information. Nevertheless, in daily situations this adjustment is a dynamical process and occurs during ongoing movement. The purpose of this study was to examine the effect of visual transitions in the coupling between visual information and body sway in two different distances from the front wall of a moving room. Eleven young adults stood upright inside of a moving room in two distances (75 and 150 cm) wearing a liquid crystal lenses goggles, which allow individual lenses transition from opaque to transparent and vice-versa. Participants stood still during five minutes for each trial and the lenses status changed every one minute (no vision to binocular vision, no vision to monocular vision, binocular vision to monocular vision, and vice-versa). Results showed that farther distance and monocular vision reduced the effect of visual manipulation on postural sway. The effect of visual transition was condition dependent, with a stronger effect when transitions involved binocular vision than monocular vision. Based upon these results, we conclude that the increased distance from the front wall of the room reduced the effect of visual manipulation on postural sway and that sensory reweighting is stimulus quality dependent, with binocular vision producing a much stronger down/up-weighting than monocular vision.
Introduction
Postural control functioning is characterized by flexible and adaptive accommodations to sensory changes. Indeed, studies have shown that the central nervous system modifies postural responses based upon continuing selection of sensory inputs that provide the most reliable information, named sensory reweighting [1, 2, 3] . Sensory reweighting is a non-linear process since that sensory integration is not simply a summation of inputs from different sensory systems [4, 5, 6] . Also, sensory reweighting is considered a dynamical process in which the postural control system identifies and selects the sensory inputs that provide the most useful information for achieving the goals of orientation and equilibrium [4, 5] .
Vision plays a fundamental role in the multisensory control of upright body position [7, 8] and visual cues are dynamically combined with sensory cues from other sources [9] , providing meaningful information to postural control system in order to produce appropriate postural responses. However, it has been shown that the visual contribution depends on whether visual cues are mono or binocular [10, 11, 12] . For instance, vision attenuates the effects of galvanic vestibular stimulation during quite standing tasks, but such effect is lower in the mono than in the binocular vision condition [10] . Specifically, visual cues were down weighted in monocular condition, indicating that information furnished by monocular cues is insufficient to guarantee a reliable reference frame for postural control and, thus, its weight is reduced. A possible explanation for this reduction is that occlusion of one eye alters depth cues and compromises visual field size, which may explain the reduced influence of vision for postural control under monocular condition.
The effect of monocular vision on postural control was also assessed in adults [11] and children [12] using the moving room paradigm, in which participants stood as quiet as possible in a room that was continuously moved back and forth while the floor remained stationary. This kind of visual manipulation changes the optical flow and induces postural adjustments such that individuals sway in the same direction and frequency of the visual stimulus provided by the moving room [13] . A recent study showed that body sway caused by the movement of the room was attenuated under monocular vision as compared to binocular vision [11] . This result is in agreement with the results obtained by Jessop and McFadyen [10] , suggesting that the coupling between room movement and body sway, which is usually strong and stable with binocular vision [13] , has its strength reduced in the monocular condition.
We used the monocular and binocular vision as a paradigm to study the dynamic properties of the visual reweighting process. The control of the amount of visual information allows us to identify how fast the reweighting process for visual information is. In our previous study [11] , the visual condition was set a priori and participants were able to determine the approximate contribution of all sensory channels beforehand. However, this adjustment of the contribution of each sensory channel cues occurs dynamically while performing the ongoing postural task [3, 4, 5] . It is also known that previous knowledge of the characteristics of the room movement is sufficient to reduce the coupling between visual information and body sway [1, 13, 14] , suggesting that cognitive processes can modulate the influence of optic flow on body sway [13, 15, 16] . Therefore, the unexpected change in visual condition during a postural task performed within the moving room allows one to investigate the dynamic process of visual weighting information. Thus, we investigated the dynamical adaptation of the visual information weight during the transition between binocular and monocular vision and vice-versa during continuous change in the optical flow caused by the room movement. To expand on the understanding of this dynamical adaptation, no-vision condition was also included in order to examine how the first exposure to room movement affects body sway.
Another aspect that affects the visual influence on postural sway is the distance of the individual to a target [7, 17] or to the front wall of the moving room [11, 13, 18] . The shortened distance from the target for gaze fixation results in reduced body sway, due to a better resolution to detect relative movement of the head. For the moving room, the increased distance from the front wall decreases the coupling between room movement and body sway. In addition, the combination of monocular vision and increased distance from the front wall reduced this coupling [11] . Despite this reduction in coupling, the temporal relationship between room movement and body sway is constant for different distances [13] and for different visual conditions [11] . Therefore, the distance between the individual and the visual target placed in the front wall can also play a role in the dynamic adaptation due to change in the visual condition. Since increased distance attenuates the coupling between visual information and body sway, it could be hypothesized that adaptation would be lower and slower for the farther distance.
The purpose of this study, therefore, was to examine the effect of visual transitions in the room movement and body sway coupling in two different distances from the front wall of a moving room. For that purpose, it was employed an experimental procedure which involved participants wearing goggles with crystal lenses that allowed changes in lenses status from opaque to transparent and vice-versa in less than 5 ms while they stood within the moving room. When the lenses are opaque, it eliminates information about form and movement, but it maintains a level of unspecific light, which avoids adaptation due to light after lenses aperture. The lenses can also be controlled independently, which allows the experimenter to control monocular, binocular and no-vision conditions.
Material and Methods

Participants
Eleven healthy young adults (18 to 30 years-old) participated in this study ( 
Procedures
Participants were instructed to stand as quiet as possible within a moving room facing the front wall. This moving room consists of three walls (2.1 m x 2.1 m x 2.1 m) and a ceiling mounted on wheels that can oscillate in the anterior-posterior (AP) direction, controlled by a servomotor mechanism. The ceiling was coated white and the walls were coated with a pattern of alternating white (42 cm wide) and black (22 cm) stripes, enhancing contrast information. The servomotor mechanism consisted of a controller (Model APEX 6151, Compumotor, CA, USA), a controlled stepper motor (Compumotor, CA, USA), a software program that controlled the motor outputs (Motion Architect for Windows, Compumotor, CA, USA), and an electrical cylinder (Compumotor, CA, USA) that connected the servomotor mechanism to the moving room. Note that only the walls and ceiling moved back and forth, while the ground remained stationary. A fluorescent lamp (20 W) was placed on the room's ceiling to keep the room illuminated by constant light.
The room oscillated at a frequency of 0.2 Hz, which is approximately the natural human body sway in a quiet standing position [19] , with peak velocity of 0.75 cm/s and peak-to-peak amplitude of 1.2 cm. An infrared emitting diode (IRED) was placed on the back of the participant between scapulae at approximately 8 th thoracic vertebrae. Other IRED was placed on the front wall of the moving room. An OPTOTRAK™ camera (Northern Digital, Waterloo, Canada) was positioned behind participants and monitored IREDs displacement at a sampling frequency of 100 Hz. Participants stood in the middle of the moving room relative to the lateral walls at two distances from the front wall, 75 and 150 cm, barefooted with feet apart at shoulder distance, and with upper limbs relaxed along the body. During each trial, participants were asked to fixate at a target (black circle with 5 cm of diameter) placed at eye level in the front wall of the moving room. During the experimental procedures, participants wore a pair of liquid crystal display (LCD) goggles (Translucent Technologies Inc., Toronto, Canada) that allows lens status transition from opaque to transparent and vice-versa in approximately 5 ms, with right and left lens controlled independently. Lens status was controlled by a routine written in LabVIEW (version 2010, National Instruments, Inc). Participants, when necessary, wore their own glasses together with the LCD goggles.
Six experimental conditions were created, as shown in Fig 1. In condition 1, for example, visual transition involved the following sequence: no vision-NV (lens opaque), binocular vision-BV (lens transparent), monocular vision-MV (lens opaque for the non-dominant eye and lens transparent for the dominant eye), binocular vision, and no vision. Each visual status lasted one minute, totaling five minutes per condition. Dominant eye was determined by a test in which participants should point to a target located 5 m away. After that they should close each eye separately and inform which eye during monocular vision provided the closest positioning of the finger to the target (i.e., dominant eye).
Participants performed one trial for each experimental condition with one-minute interval between conditions. All six experimental conditions were completely randomized within two blocks of trials. Each block of trials was performed in a different distance of the participant from the front wall (i.e., 75 e 150 cm), and they were counterbalanced among participants. Visual conditions combined with the two distances totaled twelve trials per participant. Participants were not informed about room movement and had no prior experience with the moving room.
Data analyses
Considering that the room moved only in the AP direction, all variables were computed only in this direction. Kinematics data were filtered by a fourth-order zero lag low-pass digital Butterworth filter with a cut-off frequency of 5 Hz. Two variables were computed for each cycle of the room movement: gain and phase. For gain and phase calculation a frequency response function (FRF) at the stimulus frequency was obtained by dividing the Fourier transform of body sway by the Fourier transform of room movement. The FRF was computed for each cycle of room movement (time interval of 5 s). The FRF was averaged across visual transitions. Each visual transition repeated four times in all six experimental conditions. Then, to calculate mean values to BV to NV transition, for instance, values of this visual transition from conditions 1, 4, 5, and 6 were used (Fig 1) . These mean values were used for the statistical analysis.
Gain was calculated as the absolute value of the mean FRF. A gain equals to 1.0 indicates that the body sways with the same magnitude of the moving room. Gain values above 1.0 indicate that body sway is larger than room movement and the opposite for values below 1.0. Phase was computed as the argument of the FRF and indicates the temporal relationship between body sway and room movement. Phase was calculated in radians and converted to degrees. Positive (negative) values for phase indicate that body sways ahead (behind) of moving room movement. Gain and phase data are available with this publication (S1 Supporting Information).
Because phase values seemed to vary substantially in the NV condition, we computed the standard deviation of the phase (i.e., phase variability), using phase values for the interval between the second and the tenth cycle of the room movement for each visual condition. The reason for choosing this interval was to prevent any visual transient effect due to previous visual condition.
Statistical analyses
The first group of statistical analyses involved gain and phase as dependent variables. Based upon our experimental design, we grouped the data according to the combination of visual For these statistical analyses, three cycles before visual transition (B-2, B-1, and B0), the cycle correspondent to the visual transition (T) and two cycles after visual transition (A+1 and A+2) were used. We analyzed the main effects (distance, cycle, and visual transition) and the interaction between and among factors (distance Ã cycle, distance Ã visual transition, cycle Ã visual transition, and distance Ã cycle Ã visual transition).
For the second group of statistical analysis, the tested variable was the standard deviation of the phase (phase variability). For each combination of visual transition, we carried out threeway (2x2x2) repeated measures ANOVA with visual transition (1, 2, or 3) , distance (75 and 150 cm), and interval (before and after the change in visual condition) as factors. We tested the main effects (visual transition, distance, and interval) and the interaction between and among 
Results
Visual manipulation induced correspondent postural sway in all participants. . Gain values were higher for the 75 than for the 150 cm distance (Fig 3A) . Gain values were higher for the NV to BV condition (0.92 ±0.11) than for the BV to NV condition (0.81 ±0.11). It is important to note, however, that these mean gain values were obtained combining data from all cycles (NV and BV). As suggested in Fig 4A, this difference may be due to an increase in gain values for the binocular condition when it was preceded by the NV condition. ANOVA confirmed this observation by identifying a difference between gain values for BV when it was preceded by NV (F 1,10 = 34.096, p 0.0001). When preceded by NV, gain values were larger (1.34 ±0.15) than when it was not preceded by NV condition (1.09 ±0.14). Fig  4A shows the interaction effect between visual transitions and cycles. As can be seen, gain values reduced from BV to NV and increased from NV to BV. Most interestingly, the change in gain values was abrupt and observed right in the first cycle after the visual change. (Fig 3B) . Gain was also higher for the transition cycle (0.86 ±0.08) than for B-1 cycle (0.60 ±0.06). Fig 4B shows the interaction effect between visual transitions and cycles. As can be seen, gain values reduced from MV to NV and increased from NV to MV. For the NV to MV transition, the change in gain values was abrupt and occurred in the first . Gain values were higher for the 75 than for the 150 cm distance (Fig 3C) . For the visual transition and cycle interaction, gain values decreased from BV to MV and increased from MV to BV (Fig 3C) . Again, change in gain values was abrupt and occurred in the first cycle of visual change. Phase variability ANOVA for the visual transition from BV and NV identified only a visual transition and interval interaction (F 1,10 = 1882.605, p 0.0001). Phase variability increased for the intervals without visual information (Fig 5A) . The same statistical result was observed for the ANOVA involving MV and NV (F 1,10 = 259.193, p 0.0001). Again, phase variability increased for the intervals without visual information (Fig 5B) . Interestingly, this statistical result was also observed for the ANOVA encompassing BV and MV (F 1,10 = 17.822, p = 0.002), with phase variability increasing for the MV intervals (Fig 5C) .
Monocular vision and no vision transitions
Discussion
The aim of this study was to examine the effect of visual transitions in the coupling between visual information and body sway in two different distances from the front wall of a moving room. Our results indicated that the use of monocular vision and being far from the front wall of the room reduced the effect of visual manipulation on postural sway (i.e., action-perception coupling). Regarding the main question of the present study, changing visual condition resulted in an immediate change in the coupling between visual information and body sway. However, the effect of this transition was visual condition dependent, with a strong effect when transitions involved binocular and less strong effect when transitions involved monocular vision. Finally, distance from the front wall of the moving room did not interact with visual transition and it was not possible to confirm the hypothesis that adaptation would be lower and slower for the farthest distance. Sensory reweighting has been examined by changing characteristics of a sensory modality (e.g., increasing or decreasing the amplitude and/or velocity of the visual surrounding) and looking at the postural adjustments triggered by this change in a trial-by-trial basis [5, 20, 21, 22] . The innovative aspect of the present study lies in the fact that instead of changing the characteristics of the visual environment, the manipulation employed was subtle, changing the quality of the visual cues available during an ongoing trial in order to examine the immediate effect of visual transition on the coupling between visual information and body sway. Similarly to results from the previous studies in which stimuli amplitude and/or velocity varied, our results also showed visual reweighting due to cues coming in a monocular or binocular organization. Actually, indirect changes in postural sway responses due to monocular and binocular cues had already been observed [11] , since such changes in visual cues were observed in trial-by-trial basis. Therefore, the results of the present study advance our knowledge showing an immediate effect (online reweighting) during the transition from monocular to binocular and from binocular to monocular on the coupling between visual information and body sway.
Besides showing an immediate sensory reweighting, our results also show a clear difference of the visual cues quality in the reweighting process. The online adjustment of the relative contribution of visual cues on the coupling between visual information and body sway is more effective when binocular cues are available compared to monocular ones. The transition from no vision to binocular vision condition resulted in a clear change in gain values. This indicates that the first exposure to the movement of the moving room, when binocular cues are available, leads to a quick and strong influence of vision on body sway. The opposite is also true, since the first cycle of movements of the room after removal of vision results in a sharp decrease in gain, indicating a reduction in the coupling between visual information and body sway. Also, for the transition involving monocular and binocular vision, there is a very marked change in the first cycle of visual transition.
Similarly to the binocular condition, the first exposure to the movement of the room using monocular vision also resulted in an abrupt increase in gain when preceded by no vision. However, the transition involving monocular to no vision (MV to NV) showed no such abrupt adjustment in the coupling between visual information and body sway, since gain values did not decreased as much as for the binocular condition. Rather, the expected decrease in gain occurred only in the second cycle of the moving room. Another piece of evidence regarding the asymmetry in sensory reweighting due to the binocular and monocular cues comes from the phase values. Phase values were more variable in the monocular than in the binocular vision condition. This large variability indicates a less consistent temporal relationship between room movement and body sway when visual cues are impaired reflecting a down weighting of visual information.
The delayed reduction in gain, observed in the no vision condition preceded by monocular cues, is surprising and unexpected, since there were no vision cues available and the coupling between visual information and body sway should be immediately compromised. This finding could be due to body resonance that would occur and still persevere at the same frequency of the visual stimulation even after visual cues were no longer available. However, such possible resonance effect seems not to happen when binocular vision is involved. In this case, binocular visual cues are more informative than monocular cues and when they are no longer available, sensory down weighting occurs both intense and quickly. A resonant behavior was also observed when proprioceptive information was reduced. In the absence of visual information, sway-referencing of the support surface generated a transient~1 Hz resonating body sway when the support surface returned to and stayed at the horizontal orientation [23] .
Temporal asymmetry in sensory reweighting has been observed when stimulus characteristics have been manipulated [2, 3] and our results suggest that sensory asymmetry also occurs due to the quality of the sensory cues. When the sensory cue is informative but it is no longer available, its influence on postural control is abruptly ceased. Alternatively, if the cue is not sufficiently informative, the postural control system takes longer to down weight its influence, such in the case of monocular cues, and the condition of the resonance fades out only within one cycle. Such strategy is quite clever, as previously suggested [2, 3] , because prevent the system to change any sensory influence before making sure that such change is the optimal solution.
Our study, however, is not without limitations. Future studies should focus on specific visual switches within one trial instead of combining several visual transitions as we did in the present study. It would be interesting to have longer intervals of different visual cues to better characterize the adaptation process over a long time scale, since it might present slow and fast adaptive process of sensory reweighting [2, 9] . Longer trials also could uncover issues such as the reverberation contribution suggested to happen in our results.
Finally, it is important to consider the relevance of sensory reweighting in clinical research and its application. As shown in our study, the quality of visual cues played an important role in determining the adaptive characteristics of sensory weighting. In this case, it would be interesting to investigate how such a process is established in patients with sensory deficits. For instance, patients with vestibular deficits are known for their inability to compensate for inconsistent visual and proprioceptive information [24] . Considering that under monocular vision, healthy individuals increase the contribution of the vestibular system to postural control [10] , patients with vestibular deficits might rather increase visual gain for monocular cues and may show a faster reweighting process when monocular cues are involved in the visual transitions.
In summary, we conclude that the paradigm of manipulating the quality of the visual cues by changing the amount of visual information available allowed identifying the process of adjusting the relative contribution of the visual information to postural control in young adults. The findings indicate that sensory reweighting is observed immediately after the visual transition and it is more effective when involving binocular cues as compared to monocular ones, suggesting that in the presence of binocular vision, the weight of the visual information is much stronger than in the presence of monocular vision. However, this immediate sensory reweighting in both binocular and monocular is affected similarly by the distance between the individual and the front wall of the room. Independently of the amount of visual information available, the effect of visual manipulation on postural sway and sensory reweighting is stronger when individuals are closer to the front wall of the room.
Supporting Information S1 Supporting Information. Spreadsheet named "Gain & Phase" contains means and standard errors from the statistical analyses involving visual transitions. Spreadsheet named "Phase Variability" contains means and standard errors from the statistical analyses involving phase variability. (XLSX)
